Evasion from apoptotic cell death is a characteristic of cancer; genes that modulate this process may be optimal for therapeutic attack. Identifying key regulators of apoptosis is thus a central goal in cancer therapy. Here, we describe a loss-offunction screen that uses RNA interference libraries to identify genes required for induction of apoptosis. We used a short-hairpin RNA expressing vector with high gene-expression silencing activity that contained fetal brain cDNAs. Survived cells from genotoxic stress were isolated to determine knockdown of molecules that are crucial for induction of apoptosis. We identified TBP-associated factor 1 (TAF1), a gene previously implicated as an essential component of transcription machinery. Depletion of TAF1 was associated with substantial attenuation of apoptosis induced by oxidative as well as genotoxic stress. Microarray analysis further demonstrated that a number of genes were transcriptionally declined in cells silenced for TAF1. Surprisingly, knocking down TAF1 exhibited a marked decrease in p27
INTRODUCTION
Gene silencing by RNA interference (RNAi) has developed a powerful tool for loss-of-function studies (1) . Large-scale RNAi has facilitated the search for genes required for diverse biological processes enabling stepwise dissection of specific signaling pathways. Indeed, in combination with high-throughput assays, genome-wide RNAi studies have uncovered novel gene functions in various biological processes (2) . Several of these studies were aimed at the identification of genes essential for cell division, cell cycle progression, endocytosis, tumor transformation and apoptosis (3) (4) (5) (6) (7) (8) (9) (10) . Through these studies, the power of this approach for the identification of functional modules has been demonstrated.
Regulation of apoptosis is critical in many fundamental cellular processes. Because defective regulation of apoptosis provokes human disease, particularly cancers (11-13), a global survey of genes essential for apoptosis in human cells is thus not only advance the understanding of a fundamental biological process but also delivers novel diagnostic and therapeutic targets for cancer. In particular, the signals that induce apoptosis in response to genotoxic stress are largely unknown.
In this study, we used an improved short-hairpin RNA (shRNA) library with genome-wide coverage (14) . We performed transfection of the shRNA library and high-throughput cell-survival analysis to detect cells that escaped from death, which were further analyzed by TUNEL assays. We identified TBP-associated factor 1 (TAF1), an essential component of transcription machinery. Microarray and apoptosis analyses demonstrated that TAF1-mediated p27
Kip1 expression is involved in the induction of apoptosis in response to genotoxic stress. Using this approach, we uncovered a new gene implicated in the apoptosis process, including transcriptional regulatory networks that govern cell death in mammalian cells.
MATERIALS AND METHODS

Cell culture
Human 293T embryonal kidney cells, HeLa cervical cancer cells and MCF-7 breast cancer cells were cultured in Dulbecco's modified Eagle medium containing 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 U/ml streptomycin and 2 mM L-glutamine. U2OS osteosarcoma cells were cultured in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum and antibiotics.
Cell transfection
Plasmid DNA was transfected by using FuGENE 6 transfection reagent (Roche, Basel, Switzerland). TAF1, p27
Kip1 and caspase-3 gene-specific siRNAs were purchased by Invitrogen, Carlsbad, CA, USA (Stealth RNAi). Transfection of siRNAs was performed using Lipofectamine RNAi MAX (Invitrogen).
Construction of shRNA expression library
A shRNA library was constructed as previously described (14) . The library was generated from human fetal brain cDNAs. DNA fragments in the library theoretically cover a genome-wide transcriptome.
Construction of plasmids
TAF1 cDNA was amplified by PCR using the PfuUltra TM High-Fidelity DNA polymerase (Stratagene, La Jolla, CA, USA) from pBlueBacHis250 and cloned into the pEGFP-C1 vectors. p27
Kip1 cDNA was amplified by PCR from 293T cDNA and cloned into pcDNA3-Flag (15, 16) .
Measurement of cell viability
Cells were cultured in 96-well plates and individually transfected with shRNA expression vector. After treatment with H 2 O 2 or etoposide for 24 h, MTS assays were performed by adding 20 ml CellTiter 96 AQueous One Solution Reagent (Promega, Madison, WI, USA) directly into 80 ml culture media. After incubation for 3 h at 378C in a humidified 5% CO 2 atmosphere, the absorbance was measured at 490 nm with the use of a multilabel counter (PerkinElmer, Waltham, MA, USA).
RT-PCR analysis
Total RNA was isolated from cells using RNeasy kit (Qiagen, Hilden, Germany). First strand cDNA synthesis and following PCR were performed with 500 ng of total RNA using a SuperScript III One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen) according to the manufacturer's protocol. For TAF1 gene expression, the nucleotide sequence of 5 0 -GGTATGATA TGCTGGGTGTC-3 0 was used as the sense primer, and 5 0 -CAAGAGTGGCTGCAAAACCT-3 0 was used as the antisense primer. For GAPDH gene expression, the nucleotide sequence of 5 0 -AAGGCTGTGGGCAAGGT CATCCCT-3 0 was used as the sense primer, and 5 0 -TTA CTCCTTGGAGGCCATGTGGGC-3 0 was used as the antisense primer. The reaction products were separated on 2% agarose gels.
Immunoblot analysis
Immunoblot analysis was performed as described elsewhere (17) (18) (19) . Briefly, cells were suspended with the lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM Na 3 VO 4 , 1 mM PMSF, 1 mM DTT, 10 mg/ml aprotinin, 1 mg/ml leupeptin, 10 mM NaF, 1 mg/ml Pepstatin A, 0.05% deoxycholic acid and 1% NP-40). Lysates were centrifuged at 15 000g for 5 min at 48C, and the supernatants were separated by SDS-PAGE and transferred to nitrocellulose membranes. The membranes were incubated with anti-Flag (Sigma-Aldrich, St. Louis, MO, USA), anti-TAF1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p27 Kip1 (Santa Cruz Biotechnology), anti-Notch2 (Developmental Studies Hybridoma Bank, Iowa City, IA, USA), antitubulin (Sigma-Aldrich) or anti-PCNA (Santa Cruz Biotechnology). Immune complexes were incubated with secondary antibodies and visualized by chemiluminescence (PerkinElmer).
TUNEL assays
Cells cultured in poly-D-lysine-coated 4-well chamber slides were transfected with plasmids or siRNAs and then treated with H 2 O 2 for 24 h. Apoptotic cells were detected by TUNEL assays using a DeadEnd Fluorometric TUNEL System (Promega). To detect apoptotic cells expressing GFP-TAF1, the FluoroLink TM Cy5-dUTP (GE Healthcare, Buckinghamshire, England) was used instead of Fluorescein-12-dUTP.
Microarray analysis
Total RNA was isolated from cells using an RNeasy kit (Qiagen). Total RNA (5 mg) was used to start the protocol of One-Cycle cDNA Synthesis and to label cRNA, following the manufacturer's protocol (Affymetrix, Santa Clara, CA, USA). Before making a cocktail solution, 20 mg of biotin-labeled cRNA was fragmented to 35-200 bases, and 15 mg of cRNA fragment was used to prepare the cocktail solution. The solution was applied into a GeneChip Human Genome U133 plus 2.0 array (Affymetrix) and hybridized for 16 h at 458C. After hybridization, the arrays were washed and stained using Fluidic station 450 according to protocol EukGE-WS2v5_450 and were then scanned using the Affymetrix GeneChip Scanner 3000. Analysis of the data was performed as previously described (20) .
Quantitative real-time RT-PCR analysis
Total RNA (5 mg) was reverse transcribed into cDNA using a Superscript III First-Strand Synthesis System for RT-PCR (Invitrogen), following the manufacturer's protocol. For TAF1 gene expression, the nucleotide sequence of 5 0 -CAACACAAACCAGTGACCAGAG-3 0 was used as the sense primer, and 5 0 -CCAGAATGCCTTAGCTTC CA-3 0 was used as the antisense primer. For Notch2 gene expression, the nucleotide sequence of 5 0 -TCCTCTTCT GCCTGCCTTTG-3 0 was used as the sense primer, and 5 0 -TACCTTTCCCTTCCCCACCT-3 0 was used as the antisense primer. For p27
Kip1 gene expression, the nucleotide sequence of 5 0 -TGGCATGTTTTGTGCATTTG-3 0 was used as the sense primer, and 5 0 -TTGGCTCAGTATGC AACCTTTT-3 0 was used as the antisense primer. For Actin gene expression, the nucleotide sequence of 5 0 -GTG GCCGAGGACTTTGATTG-3 0 was used as the sense primer, and 5 0 -TGGACTTGGGAGAGGACTGG-3 0 was used as the antisense primer. The PCR reaction was performed by Power SYBR Green Master Mix (15 ml Power SYBR Green Master Mix, 0.3 ml each of 5 mM primer, 5 ml cDNA, 9.4 ml water) using Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The PCR program was as follows; after incubation for 10 min at 958C, denaturation for 15 s at 958C, annealing for 60 s at 608C and extension for 30 s at 728C. Cumulative fluorescence was measured at the end of the extension phase of each cycle. Quantification was based on standard curves from serial dilution of 293T total RNA. The results were normalized for the level of actin.
RESULTS
shRNA screen for regulators of apoptosis in response to genotoxic stress
In order to identify regulators of apoptosis by a genetic screen, we have developed shRNAs that can theoretically target a genome-wide trasncriptome ( Figure 1A) . The shRNA expression library was constructed as described elsewhere (14) . Cells were transfected with the shRNA library, then treated with H 2 O 2 or etoposide for 24 h. Adherent cells, judged as survived, were harvested to extract total cellular DNA ( Figure 1B ). The cassettes containing promoter-hairpin-terminator were amplified by PCR then ligated into the pUC19. After repeating this cycle, selected shRNAs were individually transfected into cells in 96-well plates, followed by treatment with H 2 O 2 or etoposide for 24 h. Viability of cells was monitored by MTS assays. We have evaluated >1000 shRNA clones with respect to escape from cell death in response to genotoxic stress. When the absorbance obtained from cells transfected with GFP vector was determined as a control, 75 clones, showing higher absorbance than control, were selected in this screening step ( Figure 1C ). After sequencing the short-hairpin region, putative target genes for each shRNA were determined by homology search. In this step, 30 clones were annotated as putative targets for at least one gene (Table 1) Figure 1A and B). 293T cells were transfected with TAF1 siRNAs, followed by treatment with H 2 O 2 . As a control, the effect of transfection with scramble siRNA or caspase-3 siRNA was also evaluated. Knocking down TAF1 significantly attenuated H 2 O 2 -induced apoptosis to a level similar to that obtained with caspase-3 siRNA ( Figure 2C and Supplementary Figure 1C) . Similar results were obtained in HeLa, MCF-7 and U2OS cells (Supplementary Figure 2) . Comparable results were also obtained with other stimuli, such as treatment with adriamycin (Supplementary Figure 3) . To establish whether TAF1 induces apoptosis in response to genotoxic stress, U2OS cells were transfected with GFP vector or GFP-TAF1. Upon exposure to H 2 O 2 , the ratio of apoptosis increased in control cells ( Figure 2D ). More importantly, increased apoptosis was significantly augmented by ectopic expression of TAF1 ( Figure 2D ). These results collectively demonstrated that TAF1 is a key regulator of apoptosis in response to genotoxic stress.
TAF1 controls numerous gene expressions including apoptosis-and cell cycle-associated genes
To explore potential molecular mechanisms by which TAF1 regulates induction of apoptosis, we examined TAF1-mediated transcriptional control by microarray analysis. 293T cells were transfected with scramble siRNA or TAF1 siRNA, then left untreated or treated with H 2 O 2 ( Figure 3A ). Total RNA was extracted and mRNA expression was analyzed with a GeneChip system. Knocking down TAF1 affected a number of gene expressions in both cells left untreated (1 versus 3; 629 genes) and those treated with H 2 O 2 (2 versus 4; 542 genes) ( Figure 3B ). The number of merged genes from both categories was 445 ( Figure 3C ). In contrast, treatment with H 2 O 2 had little if any effect on gene expression, at least at the transcriptional level (1 versus 2; 35 genes, 3 versus 4; 32 genes). These results indicate that TAF1 modulates a number of genes at the transcriptional level, regardless of oxidative stress.
TAF1-mediated regulation of p27
Kip1 is associated with induction of apoptosis On the basis of the gene clusters obtained from expression profiles ( Figure 3B ), we assessed genes categorized as 'apoptosis' and 'cell cycle' in terms of gene ontology. In particular, we focused on p27 Kip1 and Notch2 since the expressions of these genes were markedly reduced in cells silenced for TAF1 (data not shown). To confirm the results of microarray analysis, gene expression was explored by real-time RT-PCR. As shown for expression profiles by microarray, knock-down of TAF1 in 293T cells was associated with substantial attenuation of Notch2 and p27 Kip1 ( Figure 4A ). With regard to p27 siRNA, p27 Kip1 siRNA or caspase-3 siRNA, followed by treatment with H 2 O 2 . Assessment of apoptosis by TUNEL assays revealed that p27
Kip1 -depleted cells were substantially resistant to H 2 O 2 -induced cell death, similar to caspase-3-depleted cells ( Figure 4C ). In contrast, there was no significant effect on cells silenced for Notch2 (data not shown), suggesting that p27
Kip1 is involved in apoptosis induced by oxidative stress. To exclude the possibility that the apoptotic effect with p27
Kip1 is due to its mRNA stability, 293T cells were transfected with scramble siRNA or TAF1 siRNA then treated with transcription inhibitor actinomycin D. Analysis of real-time RT-PCR for p27
Kip1 expression revealed that knocking down TAF1 is no effect on decrease of p27 Kip1 mRNA stability after the inhibition of transcription (Supplementary Figure 5) . These findings support the involvement of p27
Kip1 expression on apoptosis induction at the level of transcription rather than mRNA stability. Interestingly, p27
Kip1 expression at the protein levels slightly decreased after H 2 O 2 stimulation ( Figure 4B ). In this context, previous studies have shown that p27 Kip1 expression is down-regulated after H 2 O 2 exposure whereas the mechanism is uncertain (21) . To define whether this is controlled at the transcriptional level or the posttranslational level, we have explored real-time RT-PCR analysis. The results demonstrated that there is no significant difference on p27
Kip1 mRNA between the presence and the absence of H 2 O 2 (Supplementary Figure 6A; 1 versus 2 and 3 versus 4). This strongly suggests that the expression level of p27
Kip1 mRNA remains unchanged even after exposure to H 2 O 2 . Thus, the expression of p27 Kip1 should be controlled at the posttranslational level. Figure 6B) . Taken together, these results demonstrate that p27 ubiquitin-proteasome machinery. Importantly, knocking down TAF1 significantly attenuated p27 Kip1 expression at the transcriptional level ( Figure 4A and Supplementary Figure 6A) . In this regard, it is conceivable that substantial transcriptional suppression, but not partial posttranslational suppression, of p27
Kip1 is necessary for attenuation of apoptosis. To examine the synergic effect of TAF1 and p27
Kip1 on apoptosis, 293T cells were transfected with TAF1 and p27
Kip1 siRNAs together followed by H 2 O 2 treatment. Analysis of TUNEL assays indicated that silencing of both TAF1 and p27
Kip1 confers more pronounced effect on attenuation of apoptosis as compared to that of each knocking down alone ( Figure 4D ). To further determine if induction of apoptosis by TAF1 is mediated via p27
Kip1 expression, cells were transfected with TAF1 siRNA, followed by forced expression of Flag vector or Flag-p27 Kip1 . After stimulation of cells with H 2 O 2 , we performed TUNEL assays to assess apoptotic cell death. As shown previously, depletion of TAF1 was associated with a marked attenuation of apoptosis ( Figure 4E ). In contrast, forced expression of p27
Kip1 in TAF1-depleted cells increased H 2 O 2 -induced apoptosis ( Figure 4E ). These results demonstrated that p27
Kip1 is, at least in part, responsible for TAF1-induced cell death in response to genotoxic stress.
DISCUSSION
The cellular response to genotoxic stress that damages DNA includes cell cycle arrest, activation of DNA repair and in the event of irreparable damage, induction of apoptosis. However, the signals that determine cell fate, that is, survival or apoptosis, are largely unknown. In order to identify genes required for apoptosis, we have chosen a genome-scale RNAi screening strategy. The emergence of RNAi as a mechanism to silence gene expression has enabled loss-of-function analysis in mammalian cells in a potentially genome-wide manner (24) (25) (26) . We have utilized such an RNAi-based forward genetic approach to identify genes that are involved in induction of apoptosis in human cell lines. We identified TAF1 as a candidate inducer of apoptosis. These findings support the utility of this novel approach for the identification of genes relevant to apoptosis.
TAF1 is the largest subunit of TFIID, which is composed of TBP and 13 TAFs (27, 28) . Binding of TFIID to the core promoter elements is required for assembly of a functional transcription initiation complex. TFIID also serves as a coactivator by directly transmitting signals from sequence-specific activators to other components of the basal transcription machinery (29) (30) (31) . Moreover, TAFs function to directly activate selected genes in vivo (32) (33) (34) . TAF1 appears to function as a major scaffold by which TBP and other TAFs interact in the assembly of TFIID. TAF1 plays a critical role in the regulation of cell growth (32) . TAF1 possesses intrinsic protein kinase activity (35) , histone acetyltransferase activity (36) and ubiquitin-activating and conjugating activity (37) . The TAF1 kinase is bipartite, consisting of N-and C-terminal kinase domains. Previous work has demonstrated that kinase activity of TAF1 is important for the progression through the G1 phase (38) . Another study has shown that the retinoblastoma protein Rb interacts directly with TAF1 and inhibits the kinase activity of TAF1 (39), suggesting that the kinase activity of TAF1 may have a pivotal role in tumor suppression. Whereas TAF1 affects cell cycle regulation, little is known about its effect on apoptosis control. To our knowledge, our study is the first to provide evidence suggesting that TAF1 functions as an inducer of apoptosis in response to genotoxic stress.
The molecular mechanisms by which TAF1 exerts apoptotic cell death are largely unclear. Further studies are needed to clarify the precise roles for TAF1 exposed to genotoxic stress. Nevertheless, our findings demonstrate that transcriptional regulation of p27
Kip1 by TAF1 is, at least in part, involved in induction of apoptosis. In this regard, function as a transcription factor is apparently required for TAF1-mediated induction of apoptosis.
The Cdk-inhibitor p27 Kip1 is ubiquitously expressed and binds cyclin-Cdk2 to inhibit kinase activity (40) . Human cancers often express very low levels of p27 Kip1 , which is associated with poor prognosis. Recent studies implied that p27
Kip1 is a tumor suppressor. Indeed, reduced p27
Kip1 levels in primary cancers strongly correlate with decreased patient survival (41) . Germline mutations of p27 Kip1 have also recently described in a subset of patients with multiple endocrine neoplasia syndrome (42) . Finally, p27
Kip1 -null mice develop organomegaly and pituitary adenomas (43) (44) (45) . The p27
Kip1 level is frequently controlled by regulated translation and proteolysis (22, 23) . However, little is known about the transcriptional control of p27 Kip1 . In this regard, the present study revealed that TAF1 controls p27
Kip1 expression. Importantly, such control affects induction of apoptosis in response to genotoxic stress. Given that the down-regulation of p27
Kip1 markedly impaired apoptosis, it is conceivable that low levels of p27
Kip1 expression in cancer are associated with efficient escape from apoptosis induced by anticancer agents.
In conclusion, our findings provide evidence that phenotypic RNAi profiling can be useful for assigning potential functions to novel genes, in combination with microarray analysis. This was highlighted by the identification of a putatively conserved transcriptional network governing apoptosis in response to genotoxic stress.
